As part of the Terawatt project, two regional-scale hydrodynamic models of the Pentland Firth & Orkney waters were developed using unaltered commerciallyavailable software (MIKE 3 and Delft3D), in order to investigate the suitability of such software for predicting the effects of tidal stream energy development. Realistic scenarios for tidal energy extraction were implemented in each, and the predictions of the models with and without turbines compared. Similar predictions were made of depth-averaged current speed (spatial correlation of R 2 = 0.95), but bed stress in one model was more than double that in the other due to the use of different values for bed resistance. The effects of energy extraction are consistent between the models at a regional scale but show considerable local differences. We conclude that these model codes are suitable for broad-scale assessment of the effects of energy extraction but that caution, and more detailed survey data, is required at fine scales.
Below 
148
In order to reduce computation times, the outer domain was simulated in 149 two dimensions and the inner in three. The model displayed low sensitivity to 150 the number of vertical layers used for the inner grid; ten layers were used in 151 this study. Horizontal eddy viscosity is provided by a large eddy simulation 152 approach. Vertical eddy viscosity uses the k − method, although a previous 153 study showed that this model is not sensitive to the choice of vertical turbulence 154 scheme (Baston et al., 2013) .
155
The open boundaries are driven by clamped time-varying surface elevation 156 conditions, provided by the TPXO 7.2 Global Inverse Tidal Model (Egbert however, it is in this area that most of the areas of interest for tidal energy 178 extraction are situated, and hence it is still a useful comparison to make.
179
In order to provide an additional check on both models, they were compared 180 in the frequency domain with the phases and amplitudes of tidal constituents 181 measured in the Inner Sound and published by Gillibrand et al. (2016) .
182
See Figure 1 and Table 1 for the locations of all the ADCPs described. 
191
A sensitivity analysis on the Delft3D model showed that the water levels in the outer domain. Bed resistance for the outer domain was therefore specified 194 as a Chezy parameter of 65 m 1/2 s −1 , which is approximately equivalent to a 195 "standard" classical quadratic drag coefficient of 0.0025 (Davies and Xing, 1995) . 
205
A number of observations may be made on these statistics:
206
• In general there is a good match between predictions and observations, As noted by Soulsby and Clarke (2005) , there is little consensus on the best 241 method for estimating bed shear stress (τ b ) from predictions of velocity. Wilcock
242
(1996) identifies three approaches that are feasible, all of which make use of the 243 Law Of the Wall:
where u z is the flow velocity at a distance z above the seabed, 
263
A test of all three methods was performed using a short set of MIKE 3 output 264 data in three different locations. It was found that method 1 consistently gave 265 the lowest values of bed stress, followed by method 2 and finally method 3. The 266 difference in absolute values was up to a factor of three, but the proportional 267 variation across the spatial domain was approximately constant regardless of 268 the method used. Without any known values to compare against, we cannot 269 judge which method produces more accurate results for bed stress; however, all 270 appear to be similarly good for understanding its variation.
The R 2 -value for the line of best fit in method 3 was usually above 0.98 (ex-272 cept for short periods around slack water), which suggests that the assumption method 2 was adopted for the remainder of this work.
281
Bed stress τ b can be calculated by (from Soulsby (1997)),
where Ū is the depth-averaged velocity and h is the water depth. This formu-283 lation can be applied to the output from both models once z 0 is known, but 284 the method of finding z 0 is different for each model due to the different ways in 285 which they define bed resistance.
286
In the MIKE 3 model, bed resistance is specified as a constant quadratic 287 drag coefficient c f that is applied to the bottom layer. z 0 can be derived as 288 follows:
where z b is the distance from the seabed to the centre of the bottom layer.
290
In the Delft3D model, bed resistance is specified as a constant Chezy value 291 C 3D , defined as:
z 0 can therefore be found by,
Difference in bed resistance

294
Using Equations 3 and 5 we can compare the values of bed resistance in 295 the two models. c f is set to 0.01 in MIKE. In the range of values used here, 296 c f g/C 2 3D (an approximation also provided by Soulsby (1997) ). Using the where the ebb does not exactly reciprocate the flood. Parts of the Brough Ness 366 site, including the point from which the rose was generated, are affected by an 367 eddy that causes them to experience strong tidal flow in only one direction. thogonal to the turbine's axis (described by DHI as drag and lift coefficients).
375
This facility was not used for this work; except where stated otherwise it was 376 21 assumed that the turbines in MIKE yaw to face the flow at all times, and thus 377 C drag = C T and C lift = 0.
378
Inserting tidal turbines into MIKE is simply a matter of inputting the pa-379 rameters of the turbines, together with their locations, in the GUI. This process 380 is very slow for a large number of turbines, so the task was automated using a 381 MATLAB script (available in the TeraWatt/EcoWatt2050 code repository; see 382 Section 8).
383
Supporting structures were represented as circular monopiles of 2.5 m diam-384 eter, extending from the seabed to the hub height. These were implemented 385 using MIKE's built-in "Pier" structure, which is designed for bridge supports 386 but does not require the pier to occupy the entire water column.
387
Strictly speaking, the value for flow velocity that MIKE uses to calculate 388 thrust should be the "free-stream velocity", which is the velocity that the water 389 has upstream, before it begins to feel the effects of the turbine. This value 390 is not known to MIKE, and so instead the modelled velocity for that cell is 391 used. The cell velocity will be lower than the free-stream velocity because of 392 the retarding effect of the turbine, so the predicted effects of the turbine will 393 be underestimated. This effect is negligible with large cell sizes, but becomes 394 significant when the length of a triangle face in the mesh is below approx. 150-395 200 m. Further detail on this effect is given by Kramer and Piggott (2016) , and 396 a correction that applies to simple idealised scenarios is available in Waldman rate TECs as momentum sinks (e.g. Ramos et al., 2013 Ramos et al., , 2014 Sánchez et al., 402 2014). We were advised by commercial stakeholders that investors and regula-403 tors typically require the use of well-known software as released by its vendors, 404 without modifications or improvements. For this work, therefore, turbines were 405 modelled by introducing a series of porous plates into the model using the un-406 modified code (Figure 12b ). The porous plates apply a retarding force on the 407 flow based on a paramater c loss , which is a quadratic drag coefficient applied to 408 the layers that the porous plate occupies.
409
Porous plates in Delft3D may only lie along the grid axes or at 45 • to them. In order to simulate turbines at arbitrary angles we created two porous plates, at right angles to each other, for each cell containing turbines, and decomposed the required force into components in the u and v directions before calculating the necessary porosities. The drag of each plate was determined by (taking as an example the one parallel to the v axis), where C T is the thrust coefficient for the turbine(s), ∆y is the distance between 410 grid points along the v axis, ∆z is the height of a vertical layer, and n is the 411 number of layers that the porous plate covers. A u represents the total area 412 of rotor in that cell that would be visible to an observer looking along the u 413 direction; hence A t is the area of a turbine rotor, the sum is over all turbines in 414 the cell, and θ is the angle between the u direction and the turbine's axis.
415
A MATLAB script was developed to calculate the appropriate porous plate 416 positions and porosities, and this is available in the project code repository (see to produce maps of the change that results from energy extraction.
443
The models show similar general features in the effect of turbines in depth-444 averaged current speed (Figures 13a & 13b ). There is a decrease in speed in & 13d ) are similar to those on depth averaged speed, although 461 slightly smaller in magnitude.
462
Because of the difference between the models in the absolute predicted values 463 of bed stress without turbines, there is little benefit in plotting the absolute 464 changes resulting from energy extraction. Instead, Figure 14 shows the effect of 465 adding turbines on bed stress as a proportion of the bed stress without turbines.
466
Viewed in this way, the effects are similar to those for depth-averaged speed.
467
Increases in speed cause more of a difference in bed stress than decreases in 468 speed, because of the square relationship between current speed and bed stress.
469
The changes to bed stress are substantial; decreases of 45% and increases of up 470 to 100% are predicted in some areas. with the turbines in the Inner Sound, but still do not exhibit the same spatial 494 variation as those of a similar 24 h Delft3D run (Figure 15b ). In the areas of 495 these remaining differences, both models predict eddies at a scale which can 496 only just be resolved by the meshes used. It is possible, therefore, that the 497 different computational meshes in the two models are simulating these eddies 498 in slightly different locations, such that they affect the turbines differently in 499 the two models. Without velocity data in these areas, it is not possible to know 500 which model is more accurate. 501 26
Further discussion & conclusions
For discussion of the results of these specific models without and with tur-503 bines, see Sections 4.1 and 6.1 respectively. The aim of this work was not to 504 develop the best possible tidal energy extraction models of the region of in-
